The chloroplast fraction isolated from Acetabularia mediterranie was exposed to 14CO2 as NaH'4C03 in light and darkness, and soluble radioactive compounds were analyzed at frequent intervals. The behavior of Calvin cycle intermediates on the chloroplasts isolated from 2 to 3 g of cells, about 2 cm long, each preparation containing 600 to 750 j,g of total chorophyll (1). The chloroplasts were suspended in 5 ml of the A medium described earlier (6), except that the pH was reduced to 7.2 in order to reduce the equilibrium bicarbonate concentration of the medium (15). As a result, the bicarbonate concentration was low enough that it probably became rate-limiting after about 10 min of photosynthesis (6), but it ensured maximum specific activity of fixed 4CO2 .
periods in vitro. C02 production occurring in light is similar to photorespiration in higher plants (6) . Phase contrast and electron microscopic examination showed that the preparation does not contain peroxisomes and only a small contamination of cytoplasm and mitochondria (8, 19) . Mitochondrial metabolism could not be detected (17) . This preparation should therefore provide a useful system for the study of intermediary metabolism in photosynthesis and photorespiration. This paper reports the preliminary investigation of short term kinetics in light and darkness of the important intermediates and products of chloroplast photosynthesis.
MATERIALS AND METHODS
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I Present address: Department of Biology, Queen's University, Kingston, Ontario, Canada. on the chloroplasts isolated from 2 to 3 g of cells, about 2 cm long, each preparation containing 600 to 750 j,g of total chorophyll (1) . The chloroplasts were suspended in 5 ml of the A medium described earlier (6) , except that the pH was reduced to 7.2 in order to reduce the equilibrium bicarbonate concentration of the medium (15) . As a result, the bicarbonate concentration was low enough that it probably became rate-limiting after about 10 min of photosynthesis (6) , but it ensured maximum specific activity of fixed 4CO2 .
Experimental. Chloroplast preparations were illuminated by fluorescent lights (2500 ft-c), and 100 ,uc of NaH14CO3 (specific radioactivity about 40 mc/mmole) were added. Sampling began immediately. Samples of 25 Al were withdrawn with a Schwartz Biopette automatic pipette and were quickly applied to the corner of 8-inch X 11-inch chromatography sheets (Whatman 3MM). These were immediately placed in liquid nitrogen until the end of the experiment (30-60 min). A few chromatograms were made with 50 or 100 ,ul. These did not have any spots which could not be seen on the 25 Al chromatograms, showing that all major compounds were being detected. With this technique, samples could be taken at intervals as short as 8 sec, although the sample size was apt to be erratic because of pipetting errors at this speed. Much of this problem was later eliminated by cutting the tips of the polyethylene pipettes at a sharp angle. Samples taken at longer intervals were in close agreement. The time from withdrawal of the sample to the freezing of the chromatograms was about 4 sec. In the dark fixation experiment (Table I) , all conditions and procedures were identical except that the experiment was run in darkness.
Chromatography and Radioautography. At the conclusion of the experiment chromatograms were removed singly from the liquid nitrogen, and the origins were fixed by 1-to 2-min exposure to the hot vapors of vigorously boiling ethanol. This procedure avoids the problems of extraction and concentration and reduces the nonbiological breakdown of labile intermediates to a minimum (5) . Two-dimensional chromatograms were run in 80% phenol at pH 5.4 and butanol-acetic acid-water (12:3:5) and radioautographed. Representative radioautographs are shown in Figure 1 . The spots were cut out and counted on both sides in an ultrathin window gas flow Geiger-Mueller counter. The counts from both sides were averaged (4) and corrected for coincidence. All results are presented as counts per minute per sample as determined from a 25 MAl chromatogram, and they are strictly comparable within each experiment. The sum of radioactivities of all the compounds that moved from the origin was called "soluble radioactivity," and the radioactivity which did not move from the origin was termed "insoluble." Loss of glycolate during chromatography was 5 to 7%, based on recovery of radioactivity before and after chromatography of glycolate solutions. No correction was applied.
Since neither the specific radioactivity of the added Na2'CO3 nor the bicarbonate content of the medium was precisely known, it is not possible to calculate the results in terms of quantity of Figure 2 . The initially high rate of '4CO2 fixation fell off after about 6 min; this was probably due to the low bicarbonate content of the medium. A slow but steady loss of 'IC occurred in the dark, which supports the earlier conclusion that dark respiration of the chloroplast preparation occurs at the expense of recent photosynthate (6). About one-third of the fixed 14C was in the insoluble fraction, even in the earliest samples. The soluble and insoluble fractions varied reciprocally during the dark period. After a brief interval during which soluble material was converted to insoluble there was a steady transfer of 14C from the insoluble fraction to soluble compounds.
The second experiment was run for 10.75 min in light, then 10.0 min in dark, followed by 5 min in light. Samples were taken at frequent intervals, usually in groups of two or three close together to check on the possibility of rapid oscillation in the concentration of intermediates. The results for total radioactivity are presented in Figure 3 . Owing to the hurry in sampling the points are somewhat scattered. For ease in comparison, a curve was drawn to fit the data for total 14C, allowing for the fact that the pipette delivered smaller aliquots more frequently than larger because its tip sometimes touched the bottom of the container. All the data for each sample were then corrected by the factor required to put the total 14C content on the line as shown in Figure 3 . The 14C content of the insoluble and total soluble fractions corrected in this manner are presented in Figure 4 . The results were essentially similar to those from the previous experiment, except that no transient exchange between soluble and insoluble fractions was evident immediately after darkening. In the second experiment the proportion of 14C entering the insoluble fraction was lower and showed a lag phase of 1 or 2 min at the start. The distribution of 14C among photosynthetic intermediates and products was essentially similar in both experiments; the data from the second experiment are presented because the larger number of samples gives a clearer picture of the labeling patterns.
The data for all the soluble compounds, corrected as described above, are summarized in Figure 5 . Sucrose is evidently the main end product of photosynthesis. Sucrose attained the highest radioactivity, it was formed only in light (with a brief overshoot on darkening), and it showed no sign of saturation during the experiment. The intermediates of the Calvin cycle that were detected-PGA,3 HMP, sugar diphosphates, and triose phosphates-all behaved in the manner consistent with normal operation of the cycle (2) . They appeared after a time lag of a few seconds, rose rapidly to saturation, fell rapidly on darkening (except PGA, which rose initially as expected), and began to return to their previous saturation levels on reillumination. It is likely, from its chromatographic position and its kinetic behavior, that the sugar diphosphate spot was mainly RuDP.
The behavior of glycolate was unexpected, in that it acquired lable rapidly at first, then saturated shortly after the Calvin cycle intermediates, but at a much higher level. On darkening it fell abruptly at first, then more slowly to a low level, and on reillumination it began to rise sharply again after a 2-min lag. This behavior is characteristic of a compound which is a member of a major pathway of metabolism with synthesis which continues only in light, but with catabolism which continues in darkness (2) .
Glyceric acid showed a pattern characteristic of a member of a reaction mechanism with subsequent metabolism requiring light. It had, however, a lag period at the start and on reillumination of 2 min. Serine, glycine, and aspartate all acquired radioactivity from near the beginning of the experiment, while glutamate had a lag period of over 3 min. Alanine, aspartate, and glutamate continued to acquire radioactivity in the dark, while serine and glycine quickly approached a plateau. Malic acid acquired 14C at a steady rate from near the start of the experiment, a characteristic of an end product of metabolism. However, it fell rapidly on darkening, suggesting that it was actively participating in further reactions. PEP was present in small amounts, but it quickly reached saturation after an initial lag period of about 2 min and as quickly fell to zero again when the chloroplasts were darkened. Succinic, citric, and fumaric acids and two unknowns, X and Z (Fig. 1) , appeared late in the light and remained stable or increased slowly in darkness. A third unknown, Y (Fig. 1) , appeared immediately on darkening and quickly stabilized, then fell off again on reillumination.
Chromatographic analysis of the medium after the chloroplasts were removed by centrifugation showed that only about 2% of the fixed radioactive carbon left the chloroplasts during either the light or the subsequent dark period. 
DISCUSSION
The results indicate that the Calvin cycle of carbon reduction is operating in these chloroplasts. The intermediates that were detected, RuDP, HMP, triose phosphate, and PGA all behaved in a similar manner to that reported by Bassham et al. (2, 13) . This further supports observations from other plant sources that chloroplasts fix CO2 by this pathway (9, 20) . The production of sucrose has not been routinely observed in chloroplasts (7, 12) , but in every experiment performed with Acetabularia chloroplasts, including many not here reported, sucrose has been the major product of photosynthesis. Alanine, which was found to accompany sucrose production in spinach chloroplasts (7) , is always present in substantial amounts. In addition to the Calvin cycle, the data for malate and PEP in Figure 5 suggests a ,-carboxylation system leading eventually to malate. The PEPcarboxylating enzyme evidently does not require light activation, as does the RuDP-carboxylating enzyme (13) (3, 14) . The (7, 18, 21) .
It is evident (Fig. 5 ) that glycolate undergoes substantial turnover, its rapid catabolism continuing for a short time on darkening. There is strong evidence for the participation of glycolate in photorespiration (14, 19, 21, 22) , and these chloroplasts do photorespire, although the measured rates are rather low (6) . However, the data in Figures 2 and 3 show no indication of the sudden net loss on darkening of over 2000 cpm which would have occurred if all the glycolate which disappeared had been converted to CO2. It is therefore necessary to consider alternative fates for glycolate carbon. Among the compounds which underwent substantial change on darkening (Fig. 5) , the gains in the 3-carbon compounds alanine, PGA, and glycerate were offset by losses in HMP, RuDP, and glycolate. It therefore seems probable that glycolate was converted to a 3-carbon compound. The initial reciprocal gain in glyceric acid followed by its parallel decline with glycolate suggests that carbon from glycolate was rapidly converted to glycerate, which was being more slowly converted to other compounds.
Three possible alternatives for the conversion of glycolate to glycerate may be considered. First, interconversion by the glycolate pathway via glycine and serine (10) seems unlikely because the production of serine-glycine did not continue at the required rate after darkening, and no transients were observed. The initial slope and starting points of the glycolate and serineglycine curves suggest either interconversion or a common precursor, but not a precursor-product relationship. Also peroxisomes, in which several steps of the glycolate pathway to serine take place (11, 19) , are absent from this preparation (6). Second, glycolate or a derivative of it might condense with glyceraldehyde-3-p to form pentose phosphate which could yield PGA by carboxylation. However, this would require that the concentration of RuDP stay at or near its light level until the disappearance of glycolate slowed down, a period of 2 min after darkening. Instead it fell most rapidly during this time, which makes this reaction sequence unlikely. The third alternative is a more direct conversion of glycolate to glycerate via a hypothetical reaction sequence requiring light which could continue briefly in darkness. No clues to the identity of such a reaction can be found from the data in Figure 5 . It is evident that further investigation of photosynthetic carbon fixation is required to reveal the pathways of synthesis and breakdown of glycolate in Acetabularia chloroplasts.
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